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g<q/- 483. ( 7861) STREAMFLOW A T  WAGON WHEEL GAP, COLO.' 
By CARLOS G .  BATES and AmiiEn J. HENRY. 

Recently there lias appeared under tlie title above 
'ven a reliminary report coverin the first stage of the 

Ragon h e e l  Gap C 
be remembered, was p anned to show quantitatively the 
effects of the renioval of a forest cover on streaniflow and 
erosion within the drainage basin whence i t  was removed. 
Briefly the plan may be outlined as follows: Select two 
contiguous watersheds similar as to topography and 
forest cover; observe carefully the meteorological condi- 
tions and the streamflow for a term of years under similar 
conditions of forest cover; then denude one of the 
watersheds of its timber and continue the measurements 
as before for such time as may be necessary to determine 
the effects of the forest destruction u on the time and 

The outcome of these investigations will be awaited 
with great interest on the part of the public and the 
demand for co ies of this report will doubtless be far . To antici ate this 
demand aa far as practicab e thu rather full a stract is 
printed in the belief that it will satisfy the needs of many 
persons who have an academic interest in the project 
rather than a technical or professional one. Separates 
of this abstract. can be obtained on application to the 
Chief of the Weather Bureau, Washington, D. C. 

The plan above outlined has been carried out so far as 
the first stage of the ex eriment is concerned. The 
watersheds were selected the Forest Service of the 

' United States Departnient oL4griculture near the railroad 
station of Wagon Wheel Gap, Colo. The geo aphical 
coordinates of that station are N. lat. 37O 46' g., long. 
100' 53'. Elevation at the railway station, 8,437 feet 
above mean sea level. 

Figure 1 shows the two watersheds as viewed from a 
point near the railway station of Wagon Wheel Gap. 

On June 30, 1919, 8 years' continuous streamfbw 
observations and nearly 9 years' continuous meteorologi- 
cal observations had been obtained. A consideration of 
this material showed that while the seasons themselves 
were more or less different, the one from the other, yet 
the rainfall-runoff relations on the average were ap- 
proximately constant, or in cases of rather wide depart- 
ure the denations from the mean were easily explainable. 

that one watershed (B) 
should be of denudation was 

4 x eriment. T % is esperinient, i t  may 5 

amount of streamflow, the amount of t g e erosion, etc. 

in excess of t % e number p""d E 

+ OBJECT OF TKE PRESENT PAPEB. 

The object of this discussion is to give a clear idea of 
the nature. of the experiment, the methods followed, the 
conditions observed to date, and the plan for analyzing 

1 Mo. WXATRSS REV. S u m . ,  No. 17, Bates, Carlos Q., and Henry, Alfred J., pp. 65, 
@. 41. Washington, D. C., 1Saa. 

the data obtained in the future so tis best to bring out 
faithfully and clearly the effects u on streamflow and 

the watersheds. lfaturally, to be of tangible value, such 
effects must in some manner be shown quantitatively and 
statisticnlly. It is especially to be hoped that the present 
discussion will bring out criticisms from irrigation engi- 
neem and others who are particularly interested in mat- 
ters of water su ply from mountainous sources, so that 

presenting data of the most useful character. 
riccordq to the accepted boundar survey, the areas 

Table I. 

erosion which are roduced by the B enudation of one of 

the final study o P the results of the projects may succeed in 

arid dimensions of the two watershe B s are as shown in 
(See also fig. 2.) 

TABLE 1. 
. . . - - .. . . . .- - .._- - . . . - - -. 

A B 

Total arcs. . . . . . . . . . . . . . .wrns.. 
Extreme length.. _.. . . . . . .feet..l 
Com uted mean width.. .do.. . - 
AbsoPute elevations _.__. . . . . . . . . 

The greater area of A as compared with B, as above 
indicated, is of no appreciable import. That which is of 
importance, in so far as it complicates the relationshi of 
tlie discharges of the two streams for any short perio8, is 
the fact that watershed A is considerably longer and 
narrower than B, and includes a small area extendin to 
an elevation about 400 feet higher than any part o f B. 

graphs, for the pur ose of discharging any single sup T As will be seen later through consideration of the disch 

might be compared to a narrow trough and watershed B 
to a fan-shaped collector. The former, on account of its 
relatively short slopes, is able to deliver the first bulk of 
a water sup ly in a relatively short time, and this quick 

most cases; yet on account of its length, this area may 
continue to deliver water to the dams for a long time. 
By comparison, B delivers its water to the dam after a 
longer interval, but more lar ely in one mass, and com- 
pletes its discharge sooner. b e r e  we ever dealing solely 
with the water of a single storm or a single eriod of 

difficult to ex ress by a concise formula. But, since the 

necessarily built up from water contributions of many 
previous months, it becomes apparent that the watershed 
differences have introduced a maze of relationships we 
can not hope to unravel or to give expression to, except 

of water (such as t R e fall of a single rain), watershe l l  

delivery is t fl e basis for a sharp and high flood crest in 

snow-melting, the relations above set forth mig % t not be 

streamflow o P any period we may choose to consider is 

88084-22-1 637 
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in approximate terms. The great difficulties of this 
situation, of course, could not be foreseen when the water- 
sheds were chosen, nor is it a t  J 1  certain they could have 
been avoided, as Nature has nowhere been so kind as to 
form two ob’ects exactly alike. 

is the fact that the main axis of watershed A is almost 
directly east-west, while that of B is more nearly north- 
eastrsouthwest. In  consequence, the north half or 
southerly exposure of A contains considerable areas 
which face squarely the mid-day sun, while on B the 

Of some s 1 ight importance, as it affects snow-melting, 

ermeability, and retentiveness of the soil, but also 
gecause the present rock in situ has the greatest influence 
on underground water and on the possibility of complete 
measurement of the water discharged from the areas. 

The first geolo ical exaniination of these watersheds 
was made by Mr.%. S. Larsen, of the Geolo ical Survey, 

was under way. It, is regrettef that we can not quote 
here Mr. Larsen’s original report, which was ent,irely 
reassuring, both as Lo the uniformity of the structure on 
the two areas and the probabilities of a structure a t  the 

in June, 1910, or while the first rospecting f or the dams 

e - - . . -  
FIO. 2. Ares, topography, and water sources. 

corresponding position is very lar ely an east slope, 

watershed. After a very careful survey of the several 
snow-scale areas, Keplin er (Apr. 1, 1913) computed the 

B 26 per cent; but the mean aspect of a 1 the slopes on 
A is S. 85 E., while on B it is N. 65 E., a difference of 27 

d e ~ ~ & x z l  formation.-As has been stated, one of ;he 
h t  considerations was that the two areas studied should 
have similar eological origins, not only because the 

except for a very small space at t P le lower end of the 

mean gradient of waters B ed A to be 25 er cent and of 

character of t B e rock defines the physical character, 

T 

roposed dam sites which would insure a ood foundation 

flows away from the areas. 
Description of the orest.-The forest of the two water- 

sheds involved in t d is study is one fairly typical of the 
middle zone of the central Rocky Mountains and is char- 
acterized by the predominance of Douglas fir. 

On account of the character of the soil derived from a 
fine-grained igneous rock, western yellow pine is practi- 
call nonexistent in this locality and does not appear on 

of the region it would be expected on southerly exposures 

for the dams and the loss of none of t a e water which 

the s ower reaches of the watersheds at all, though in most 
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at this elevation. Such exposures are occu ied almost 
wholly by Do las fu of good development, gut forming 
open stands. ?$here is everywhere a sprinkling of bristle 
cone ine, which becomes more numerous at-the tops of 

soilisvery . 
characterized by fir stands, more dense, of course, than 
those of the warm slopes. There is everywhere a 
s rinkling of Engelmann s rum, and with increased 

the s f opes and wherever the amount of rock in or on the 

The nmt rt erly exposures a t  low elevations are also 

e f evation the proportion of t 1 is species increases, so that 

A and B was almost completely destroyed, and a con- 
siderable part of €his area is not now covered even by 
aspen, except in occasional clumps. 

LOCATION OF OBSERVING STATIONS. 

In the beginning it was thought advisable to establish 
six prima meteorological stations. One is near the 
office and%ving quarters and is called the C station; 
there are two on each of the watersheds, and the last is 
on the extreme upper portion of A, to represent the hqher 
dtitudes of both watersheds, known as the D station. 

FIO. 5. Metmalogical stations, snow seole areas. 

at the upper extremities of both watersheds the type is 
almost pure spruce. 

art of watershed B, and only slightly less 

minef, about 1885. While the fire ma or may not have 

open character prevented serious damage, and such areas 
may be considered to be now in an essentially normal 
state as regards cover. Much greater dam e was done 

acreage of waterded B, and in strips on the lower portion 
of A, while the prime spruce forest a t  the upper ends of 

acrea A laqeB e m , was burned over, as nearly as can be deter- 

run through the stands on the souther 9 y exposures, their 

to the north-slo e fir stands, on practic 3i y all such 

The primary stations on both watersheds are situated 
near the lower boundaries, one on the north slo e and the 

flows, on the opposite slope. North-slope stations are 
known as A-1 and B-1, south-slope as A-2 and B-2. 
THe ~YWO airs of watershed stations are the most impor- 
tant, an 2 for this reason the location of these s:tations 
was selected with great care, the object being to secure as 
nearly identical conditions of topograph and timber 
cover as possible. A-1 occupies about d e  same to:+ 

aphical position in Watershed A as B-1 in Waters ed 

other directly across the ravine in which t Fl e stream 

and A-2 the same as B-2. 
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The general topogra hy of the watersheds and the 
location of primary anzsecondary stations are shown in 

Station ,4-1.-Station A-1 is 700 feet S. 40° W. of 
D m  A, and 9,601 feet above sen level. The station is 
on a steep slo e, an le 31° 20', azimuth N. 24' W. 

rock slide. While the surface of the ground at the station 
has a shallow covering of moss and fir needles, there is 
very little soil in the ordinary meaning of that, term. 

figure 5. 

Directly west o P a  the t ermometer shelter is a large open 

6 j  II 
FIG. 6. General plan of danis. 

Station A 4 . C t a t i o n  A-2 is located 550 feet N. SOo 
W. of Dam A. Its elevation above sea level is 9,609 
feet. The station is just across stream A from Station 
A-1, and horizontal1 distant but 406 feet. The slope is, 
however, entirev ckerent, the angle being 34' 20' 
toward S. 56O I!,. This station is exposed to the sun 
nearly all day. The soil is composed of earth and large 
rock fragments, the rocks weighing, say, 100 to 200 

Very 
Httle humus is found on the ground. 

Stution B-1.Ctation B-1 is located 381 feet S. 30' 
W. of Dam B and is 9,426 feet above sea level. The slope 
of the ground is 37' 30' toward N. 24' E. The soil is 
mostly a sandy loam, with broken rock interspersed and 
with a good cover of fir needles. The station receives but 
little sunshine in winter. 

Station B-2 is situated directly across the ravine, as 
may be seen from the map, fig. 5. It stands in the same 
relation to B-1 as does A-2 to A-1. 

Station D.-Station D is located near the to of the 
This 

station is in the burned region, and hence the only 
timber consists of dead trees, standing and fallen. The 

und in the vicinity of the station is practically level. R e  station is exposed to winds from all directions except 
the west, where it is slightly protected by rising ground. 

ounds, 'and being firmly embedded m the earth. . 

mountain, elevation 10,949 feet above sea leve. 12 

Station C.-The C station was from the start equipped 
with a rather complete set of meteorological instruments 
ns follows: Two standard barometers, a barograph, a 
triple register recording wind direction, velocity, sun- 
shine, and rainfall. A standard Weather Bureau instru- 
ment shelter on alvanized-iron supports was installed 
on a grass-coveref east slope, 400 feet north of the office 
buildmg, and the rain-gage was placed 300 feet farther 
north in a stand of young aspen. The floor of the in- 
strument shelter is 11.3 feet above ground, the wind vane 
is 16.9 feet, and the anemometer is 15.6 feet above 
ground. 

Snoirr scde8.-In order to determine the depth and 
density of the accuniulated snowfall of winter, 32 per- 
manent points of measurement were selected, 18 on A 
and 14 on B. At each oint a permanent snow scale 

scale represents a definite area and the scale reading is 
applied to the acreage of the area. The location of the 
snow scales may be seen by references to figure 5. 

or stake 13 feet high was R rmly set in t.he ground. Each 

CLIwENI/&'dL O l d G R ~ H  
70 SHOW MTHOO OF 
Y T 7 l N  616E TO ZERO. 

FIG. 7. Detalls nf ronstmction and meamrlng devices. 

Da.m constr.uctioa .-The rimary consideration was to 

of which both the surface and subflow of the channel 
could be collected for measurement. This was accom- 
lished, after digging the cross trench down to a solid 

roundation, by pouring a solid concrete wall to a height 
a t  least a foot greater than that of the original stream 
channel, esce t a t  the center of the channel, where a 

The thickness of this wall was S inches, except at the bot- 
tom, where the concrete was allowed to spread out the 
full width of the trench. The general plan of the dams 
is shown in figure 6, and additional information is afforded 
by figure 7 and hd-tone figures 8,9, 10, 11, and 12. 

construct a wall across eit K er stream channel by means 

notch was le P t through which the stream might flow. 
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FIG. 3.-Conditions in a young uoniferous stand, typical of much of the upper purbion 
of A. 

FIG. 4,Rather large Douglas fir surrounding thermometer shelter at station A-2. 



., December, I Y L I .  (To face p. 641 .) 

FIG. S.-Complepd basin at Dam A-from upstream end-columr :enter still. 
well. later enlarged for %inch float. 

-Completed basin at Dam A-downstream er rith rectangular weirs. 

FIG. 10.-Basin at Dam A covered with shelter hot r regi 

FIG. Ir.-Basin at Dam B just ready to cover. FIG. 1LTriangular weir-Dam B-which replaced rectangular weir of 1911. 
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THE PBOQIMM OF OBSERVATIONS. 

The program of meteorological and stream-flow obser- 
vations as origindly adopted was not materially changed 
during the first stage of the ex eriment. It involves 

B-2, and C. 
In  the beginning the north-slope itations of the two 

watersheds were given the more complete instrumental 
equipment as follows: Masimum, minimum, dry and wet 
thermometers, a thermograph, a hy,mgraph, an ane- 
momet,er, a standard 8-inch rain ga.ge, a 5-fOOt snow bin! 
and a 13-foot snow scale. the latter set permanently into 
the ground. Later in the experiment a. shielded snow 
gage of the Marvin attern was added at  all of the meteor- 
ological stations. $hennometers for determining the soil 
temperature a t  depths of 12 and 48 inches were also 
added on north slopes in 1912. Weekly determinations 
of soil moisture at all watershed stations were made 
during the summer months of 1914 to 1919, bot,h inclusive. 

The equipment of the south-slope stations in t.he be- 
ginning wns limited t.0 masimum and minimum ther- 
mometers, a rain gage, and a snow scale. On Mn 31. 
1913, the thermometric readings were discontinueinnd 
a little letep soil temperatures a t  18 and 48 inches were 
begun. Precipitation was continuously recorded at sout,h 
slo e stations throughout the ex eriment. 

d d y  were made a t  all primary wat<ershed stntions esce t. 
D. Beginning with December of ea.ch year, a bimonth Y y 
measurement of the depth and density was made at. ench 
snow-scale on the watershed until near the beginning of 
the snow-melting senson in the spring, when the nieas- 
urements were made a t  three-day intervals in 1913 and 
1913. Beginning,with March, 1914, and continuing to 
date, the observations have been at  five-da.y intervals 
during that period. 

At the D station, by reason of its remoteness from the 
camp, the sheets of the automatic instruments were 
changed a t  6-day intervals and eye readings for check 
purposes were made on trhe dates when the sheets were 
changed. The daily record of wind velocity and of rain- 
fall in the summer were sutomatically reg1st.ere.d in the 
office a t  the C station by electrical transmlssion line. 
Stream-$ow incaRIc.rements.-The height of the water in 

the basin above the V-notch in t,he weirs was auto- 
matically recorded by a Friez water-st,a e recorder and 

of a hook gage. 
In  July, 1911, the rectan ular weirs were torn out and 

triangular weirs installed. %he advantages of triangular 
weirs may be stated as follows: Perfect aeration of nap e;  

advantage in the case of extremely low stage; an in- 
creased amplitude of oscillation of the water surface in 
the basin a t  low stage, with consequent increase in the 
accuracy of the measurements; the use of but one func- 
tion, height, in the computations; and the elimination of 
the leading channels from the structural work. These 
leading channels are difficult to construct with uniform 
sides, while without t.hem a difficult and doubtful cor- 
rection for end contraction must be introduced. The 
weirs are simply steel plates 3 feet by 4 feet and 0.5 
inch thick, out of which ri ht-angled notches have been 

gives a maximum capacit of 7 second-feet-seven times 

f aces of the weirs are beveled off for a distance of 3 
inches on the downstream side, with a crest width of 

daily observations, a t  9 a. m., a t  8 tations A-1, A-2, B-1, 

finally, measurements of dept R of snow on the ground 

the instrumental record wa.s checked by t K le daily reading 

automatic accommodation to all stages, with particu Y ar 

cut. The vertical depth o B each notch is 1.5 feet, which 

reater than the crest of t E e flood of October, 1911. Tlie 

one-sixteenth inch. The flow of water under gravit 
over a triangular weir of this form is given b the U. 
Geological Survey as 2.64 times the five-h s ves power 
of the head, the flow being expressed in cubic feet per 
second, and the head bein the vertical height in feet of 

notch. The above formula is the same as derived by 
Prof. James Thompson, of BeIfast, in the experiment 
with a trinagular weir of n piece of thin sheet iron. 

For the pur ose of measuring the height of the water 

an instrument familiar to engineers, is used. The easen- 
tin1 principle of the instrument is that the setting .is 
effected by causing the point of a hook to approach the 
water surface from the under side. The method is so 
accurate that different observers never vary more than 
0.001 foot from the same reading. The Boyden gage is 
secured to a concrete wall by means of bolts set in the 
concrete. For the purpose of stilling any waves that 
may be present, a piece of iron pipe, 6 inches in diameter, 
the top pro ecting about 6 inches above the water, is set 

concrete bottom of the basin, and to provide further for 
the free access of water, $1 half-inch hole waa drilled 
t,lirou h the side of the pipe 6 inches from the lower end. 

the level of the weir notch, a special arrangement was 
devised. A section of iron pipe was embedded in a con- 
crete base weighing sonie 10 pounds. Into the top of the 
pipe a wooden plug was driven. A screw hook was then 

Tlie screw hook was then screwed into the wooden goint- lock 
stra.ight,ened out and one end sharpened to a 

so that the length of the base pipe and hook was ap- 
proximately the depth of the water in the basin about 
a foot back of the weir. The entire apparatus was then 
set into the basin just back of the weir. By means of a 
spirit level, one end of which is filed to fit into the weir 
notch, the point of the screw hook may be finally ad- 
'usted to the level of the weir not,ch. f i e  water in the 
basin is then adjusted so that the screw hook just pierces 
the surface. The hook gtige may then be set to its 
zero. The method is simple and accurate, and frequent 
examinations of the accuracy of the zero may be made 
without difficulty. A diagram showing the method is 
appended (fig. 7). 

Discharye coqficie.nts.-To obtain the high degree of 
accuracy required in the stream-flow investigation, it 
was thought best actually to determine the discharge 
coefficients rather than to accept the published values. 
This was particularly necessary because the weirs d8e r  
slightly from the Thompson weir in that they had to be 
niade one-half inch thick to provide the necessary 
strength, while the Thompson weirs were of thin sheet 
iron. Furthermore, every weir must of necessity be 
subject to its own departures in construction from a 
t,lieoreticdly erfect cutting of the angle, crest width, 
and level. Apso, in placing the weir in position, the 
concrete may set unevenly, thus throwing the weir 
slightly out of plumb. For each dam, three tanks made 
of 16-ga e galvanized iron, with iron hoop a t  the top 
rim, eacf tank 4 feet in diameter and 4 feet in depth, 
were mounted on a platform built far enough below the 
dam to give the required fall. Over the middle of the 
platform a galvanized-iron funnel, top 24-inch diameter, 
tube ti-inch diameter, was suspended in a gimbal or 
universal joint, so that the lower end of the funnel hung 
just above the tops of the tanks. The overflow from 
t,he weir is conveyed into this funnel through a V-shaped 
trough, lined with galvanized iron. The method of 

the still water in the pon d above the vortex of the weir 

in the basin a E ove the weir notch, a Boyden hook gage, 

under the B ook gttge. The pipe rests unevenly on the 

For t B e purpose of setting the zero of the hook gage to 
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suspension of the funnel pennita the water to be directed 
into either of the three tanks or into a wooden waste i e 

effected in a fraction of a second. M e  
apeas of t e ta were determined b taking the circum- z ferences a t  four heighta in each tan with a steel tape, 
then computing the mean area for that portion of the tank 
used, allowance being made for the thwkness of the iron. 
To eliminate the error due to irregularity of bottom the 
tanks were first filled to a depth of about 2 inches and 
measurements of this height and of the height after the 
tank was filled were made by means of a hook age, 
which was made by transcribin the graduations %om 

e test was determined by use of an orfinary watch. 
Tests were made by two men, one man making continu- 
ous readings of the hook g e in the basin while the 
second man filled the tanks.%ractically all of the tests 
were made a t  times of very little fluctuation in the head, 
and the mean of all hook-gage readings waa used aa the 
head. The detailed measurements and computations 
are too numerous to reproduce. Each individual entry 
represents a measurement of from 40 to 130 cubic feet of 
water, most tests having been made with the larger 
amounts. 

the beix 

a surveyor's rod. The time o B beginnin and ending 

TEE CLIMATE OF TIIE WAGON W H E E L  GAP AREA.  

"he geogra hic location of the Wagon Wheel Gap 

rugged mountain area, imposes upon it a climate which 
partakes of the characteristics both of mountain and 
continental climates. 

Moreover, i t  lies to the southward of the general path 
of cyclonic storms, a fact which has an important bearing 
upon its climate. 

area, remote P rom both oceans and in the midst of a 

AIR TEMPERATURE.'  

The discussion of temperature is based on daily sys- 
tematic observations of standard thermometers exposed 
in the regulation thermometer shelter a t  the north-slope 
stations of both watersheds for a eriod of eight years, 

tions are also available for the south-slope stations on 
both watersheds from November, 1910, to May, 1913, n 
period of 31 months. Thermographs were maintained at  
north-slo e stations and also a t  the D station for the 

years, 1914 to 1917. The monthly means as deduced 
from hourly readings of the thermographs, checked by 
daily com arisons with the mercurial thermometers in 

of the D and G stations, are even  in Table 1. 

TABLE 2.-Mmthly mean temperature, north-slop stations of waieraheda 
A and B. 

1911 to 1918, inclusive. Daily t % ermometric observa- 

entire eig f l  t-year period and a t  the G station for the four 

the case o P A and B, and week$ comparisons in the case 

-- 
Jan. Feb. Mar. Apr. May. June. July. Aug. Sept. Ob. N O ~ .  Dw. - - - - -- - ___ __ -- i 1 I I I i I I I i - 1  I 

Considerin the northklope stations as representative 
of the waters B eds, it is a t  once apparent that the mean 

1 Degrfea Fahrenheit and English uni ts  are used throughout this disnuslon. 

temperature of the two watersheds is practicall the 

t. A is uniformly higher than B, except in 
same. The differences range from 0.8' in Decem i er to 

to July, inclusive, when it is a small 
cooler on the average than B. 

an elevation of 1,355 feet higher than 
A-1, and 1,530 feet higher than B-1, has practically the 
same winter mean temperature as the lower stations, a 
spring temperature 4' lower, summer about 3' lbwer, 
and autumn 1.5' lower. The winter minimum tempera- 
tures of the D station are considerably higher than 
those of the lower levels; hence the equality in the 
winter means. 

each watershed is 
somewhat warmer than the but the excess in 
the monthly means is 
except that for the 
may amount to as much as 2' or 3'. The excess in 
monthly means, south over north slope, is as follows: 

South slopes.-The south slo 

. . . . . . . . . . . -- - -- - 

. . . .- .- . . . . - . . - - 
A ............... ?. 1 1.6 0.6 

, B  __.____.__....., 2.5 I i:: 1 &; I ?.6 , 1.8 [ 

. 

I , B  __.____.__....., 2.5 I 3.0 
A __._._...._____ I ?.I  1 1.S I S  1.6 0.6 I 

1.8 [ 2 7  I ?.6 1 
.. - .- ..... . . 

This comparison is based u on monthly m e w  that 
have been derived from the dafy extremes instead of the 
24-hourly readings as in Table 6. A series of corrections 
to reduce the means derived from the daily extremes to 
the true daily means shows that for watershed A the 
mean temperature, maximum and minimum, divided by 
2, gives results that are in excess of the true daily means 
by amounts varying from 0 in February to 2.1' in August. 
In eneral, the corrections for the summer months in 
bot h watersheds are the greatest. In the B watersheds 
small positive and negative corrections offset each other 
in the mean, with the result that in three months of the 
year the correction is zero. In  the A watershed positive 
corrections were rarely found in the individual months 
and not at  all in the h a l  means. Further analysis of the 
excess in monthly mean temperature as above shows that 
this excess is due to her maxima on the south slopes 
of the respective waters 9 eds. 

I 
I Excess of maxima on south over north slope 
I (31 months' observations), means for- 

WatershedB ........ 

The mean minima for the identical periods and slopes 
tire slightly higher for the south than for the north slopes, 
although the greatest exwsa for any month does not 
equal lo. If we go still further and make an intercom- 
parison between corresponding slopes of the two weter- 
sheds we find that the mean temperature, re ardless of 
how obtained, is substantially the same. As $ustrating 
this feature, the monthly meam of the daily extremes 
for the eight full years at the nor.th-slope stations is 
presented in Table 2. 
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Date. 

TABLE 3.-Honthly man8 of ths daily mazimcr and daily nLinima. 
WATERSHED A. 

- 

_- 
WATERSHED 3. 

- 

D (UPPER PART WATERSHED A). 

-- 
July 1 

s 
16 
23 
30 

Aug. 6 
13 

27 

10 
17 
'24 

Oct. 1 
8 

22 
29 

Nov. 5 
12 
19 
?a 

Des. 3 
10 
17 
'24 
31 

m 
sopt. 3 

15 

SOIL TEMPERATURE. 

The superficial soil layers receive and absorb incoming 
solar energy by day and lose heat as outgoing radiation 
by night. Whenever, therefore, the incoming radiation 
is in excess of the outgoing, the temperature of the soil 
rises and in due season reaches an annual maximum, 
thence receding to the annual minimum in midwinter. 
As in the case of air temperature, there are also short 
periods of temporary rises and falls in the temperature 
of the soil, as well as the more gradual seasonal progres- 
sion. The magnitude of the accidental changes is largely 
a matter of the depth below the surface at which meas- 
urements are made. I n  this discussion we are concerned 
almost wholly with the seasonal cha es at a depth of 

6 years observations are available for both watersheds, 
and the D station re resenting the extreme upper portion 

slopes of the two watersheds are given in Table 4. 

12 inches, althou h observations of soi i tomperaturcs at  
a depth of 48 inc % es are also available. Between 5 and 

of watershed A. T R e detailed weekly means for both 

TABLE 4.-WeekZy m a n  soil temnpernturr, 13 inches belour sioj i ic~.  

A. - 
41.6 
43.3 
4 5 1  
47.2 
47.Q 
48.1 
47.6 

443.5 
45.5 
4 4 4  
42.3 
36.8 
36.4 
35.4 

32.8 
3 2 3  
31.6 
31.1 
3.1 
75.8 
23.2 
22.6 
21.3 
20.6 
3 . 0  

47.4 

31.0 

I 

- 

Date. 

- 
JM. 7 

14 
21 
a8 

Feb. 4 
11 
18 
25 

Mar. 4 
11 
18 
a5 

Apr. 1 
8 

15 
2a 
20 

May 6 
l3 
20 n 

June 8 
10 
17 u 

B. 

46.1 
47.1 

a 7  
48.3 
49.3 
a 3  
48.0 

3 

A. 

54.7 
54.8 
53.7 
54.2 
53.6 
53.7 
0 . 3  
52.0 
51.8 

South slopes, 
12 inches. 

21.1 
21.3 
22.1 
23.4 
24.8 
28.9 
m.7 
31.6 
31.8 
3 2 1  
921 
322 
34.4 
87.2 
8Q.5 

- 
A. 

29.8 
7S.6 
B.4 
27.7 
ago 
27.9 
28.3 
2R.7 
28.6 
29.1 
31.5 
31.2 
82.0 
32.5 
33.4 
33.8 
35.4 
a 4  
38.8 
40.6 
42.2 
43.7 
45.0 
49.9 
52.6 

24.8 
a5.1 
25.8 
! a 8  
28.1 
29.4 
20.2 
31.2 
32.7 
34.2 
36.2 
38.0 
39.4 
41.0 
44.1 

-. 
B. 

%6 
25.9 
25.9 
25.0 
25.4 
25.8 
33.6 
27.1 
28.5 
3 . 0  
?.& 9 
30. i 
32.2 
33.5 
34.6 
35.1 
37.0 
37.5 
39.7 
m 4 
43.8 
45.2 
46.9 
51.8 
63.8 

-. 

44.2 
42.4 
40.6 
39.7 
37.6 
35.8 
34.5 
33.3 
32.7 
31.0 
20.4 
28.0 
26.9 
!&6 
24.9 
24.2 

45.8 
6 6 7  
46.7 
45.8 
44.1 
42.5 
41.7 
40.9 
39.8 
36.4 
38.4 
35.3 
33.9 
32.0 
30.3 
29.9 --- 

South slopes, 
12 inches. 

B. 

56.3 
56.3 
55.6 
55.7 
54.8 
S5.0 
54.5 
53.2 
53.1 
5 2  4 
51.5 
49.6 
49.3 
48.8 
45.1 
42.4 
41. I 
40.0 
39.4 
37.5 
34.3 
33.6 
31.9 
3a1 

27.9 
-28.7 

27.7 

PRECIFITA'ITON. 

The precipitation is measured daily a t  five points 
within walki distance of the head uarters station, viz, 

as representative of the southern ortion of both water- 
sheds, (2) in watershed A and $: respectively, at the 

(1) at s t a t i o 3  (headquarters) , whic 1 may be considered 

slope stations A-1 and A-2, B-1 and B-2, and finaUg at  
the D stattion. Recording rain gages of the tippmg- 
bucket ty e are in o eration during the warm season at 

used to apportion the hourly amounts in both water- 
sheds tliroughout the 34 hours.. The watershed precipi- 
tation, niidni ht  to midnight, IS determined by takmg 

fa l l  stations in each watershed, adding to that uantity 
the amount of the precipitation a t  D and divisng the 
sum by 3. 

The watershed reci itation as thus determined is 
given in table 9. b n  t i e  average of eight ears, water- 

and watershed B of 21.09 inches, or practically the same. 
The greatest difference in any one year was 1.03 inches, in 
1912-13, B having the greater amount. 

Colorado being remote from any large bod of water 

does not nt nny season receive a generous amount of pre- 
cipitation. The greatest avera e for the State, 20 to 25 

tains at  ultitudes above mean sea level of 10,000 feet 
and over. While the estreme upper part of both water- 
sheds hns an altitude somewhat above 10,000 feet, the 
situation of the area, with respect to the westerly winds, 
is not favorable to heavy precipitation, since westerly to 
norther1 winds are descending winds and come uently 
dry. T'Ze preci itation is very nearly equally k i d e d  
between rain an a snow, with the former about 4 per cent 
greater than the latter; thus, rain 52 per cent and snow 
48 er cent. 

There is a well-marked rainy season in July and 
August, at  least 55 per cent of the rain falling in those 
months. Precipitation as rain may qccur as early as 
April and as late as October, although m late spring and 
early autumn, when beginning as rain, it is quite apt to 
change to snow before it ends. Snow in considerable 
amounts may fall in the latter part of September, but 
tfie real be-nning of the snow season ma be fixed as 
the last we& in October. The first snowfa 9 1 USURII~ dis- 
appears by meltin and evaporation, and it is not until 
the temperature &ring the afternoon hours does not 
rise above freezing that the snow cover may be said to 
be ermment for the winter. 

Zainfalls of great intensit rarely occur at wagon 
Wheel Gap. During the eig z t years considered, but a 
single heavy 24-hour rain occurred, viz, on October 5-6, 
1911. 

Greatest amount of precipitation in 24 hours.-The 
greatest amount of preci itation that occurred as rain 
or snow €or each month P rom the be nning of observa- 
tions to June 30, 1919, is given in able 5. The data 
are for the C (headquarters) station. The maximum 
amounts for the months May to October occurred as 
rain, for the remaining months as snow. This table 
dearly shows that heavy rains as much as 2 inches in 
24 hours are rare. 
TABLE 5.4reatrs t  amount o preci tation in 24 hours (iwhes and 

ar Apr. May. June. July. Aug. Sept. Oct NW. Dec. Jan. Feb. ] M .I 

stations 2 and D, an t; the records from these stations are 

the larger of t % e two quantities recorded at the two rain- 

shed A has a mean annual precipitation o 9 21.02 inches 

and somewhat south of the average path o 9 cyclones, 

inches, ~ircurs on the western s K ope of the Rocky Moun- 

F 

iu?ldre&s). 

I I I I 1 1 . 1  I -- .__I __ --- - ---- ----- 
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. m e .  July. 
- - 

0.26 0. a i  . 31 . 33 

Intensity of precip&ztwn.-To present statistics of in- 
tensity of reapitation in some detail, the %-hour pre- 
cipitation Train or snow) has been classed according to 
the scale shown in Table 6. Since, however, the runoff 
from snow ap ears at the end of the cold season and is 

y p s  accordin flow, the ruin onl? has been c assified in 
t is considere 

that rains of 0.10 inch and less in the summer, as a rule, 
serve merely to replenish losses due to transpiration and 
evaporation and do not directly effect streamflow. 

ater than 0.10 inch may be considered effective 
in Rains pro lr ucing a slight increase in streamflow, depending, 
of come, so far as the lower limit of the scale is con- 
cerned, upon conditions of soil moisture and other factors. 
With a saturated soil a recipitation so small as 0.01 inch, 

The result of this second classification of rains ives the 

% P not immediate T y effective in roducing increased stream- 

to intensity of t l/l e 34-hour amounts. 

will produce a measura E le response in streamflow. 

following very interesting results fin hundredt % s of an 
inch) : 

-. . .. . 

hugust. sqmuher.j (Jrlobcr. 

0. :ill o.:B j 0.411 
!-- - 

. 30 .:i5 . .uj 
-- -. __ -. - . - 

A . . . . . . . 
R . . . . . -. 

1914 ..._.... 
1913 ._._._._ 
1914 _._____. 
1915 ____._.. 
I916 ._____.. 
1917 ______._ 

44 59 43 13 3 0 -59 118 
67 G l  36 10 11 0 57 118 
58 67 36 11 0 0 56 1 3  
50 46 32 13 8 2 65 100 

9 1 59 1-22 
1 46 104 

37 63 32 
66 58 28 14 l7 5 

This tabulation shows conclusively that the intensity 
of the rains is ra.ctica.lly the same for each month of the 

with a tendency to be great.er on B, a t  times, tellan on A. 

TABLE G.-Inlensl:ty oJrainfall A (days ctdh total yrm'pitation). 

season and su R stantially the same on both watersheds, 

1918 .....-. . 1 77 

Days with- I 

2 65 127 G2 43 12 , 8 

-- 

N . 2 E  _..___..__ 
N . 2 E  __..._.___ 
N.12E _....._._ 
N.30E __..__.._ 
N.40E ___._._.. 
N.46E ._.._.... 
N.52E __....__. 
N.72 E ....._.._ 

The rainfall int-ensity has been independently com- 
puted by dividin the average monthl precipitation by 

da all damp with 0.08 inch of precipitation or more. 
aphically in figure 13, and are 

tion (adjusted) is shown b the rectangular figures 
opposite the respective monds. "he heavy line in the 
center of the rectangle re resents the average number of 

the bottom gives the intensity of the recipitation as 
above indicated. The intensity by tE is method is 
somewhat less than when only the so-called effective 
rains are considered. 

Thunderstorms.-&Iuch of the summer rain comes in 
the form of afternoon thundershowers in July and 
August. Thundershowers may occur, however: as early 
as April, before the snow cover has disap eared from 
north slopes. The amount of rain which P alls in these 
early thundershowers rarely exceeds half an inch, the 

ater part of which is absorbed by the snow cover. 
g e e  the weather associated with April and May thun- 

the average num % er of rainy days, c r assing as a rainy 

explained as follows: T f? e average monthly precipita- 

rainy da-s and the sha K ed portion of the rectangle at  

h e  result8 are shown 
__. - - . ,  
42 00 May 151  1 
a5 20 May 10 10 
34 10 May 16 5 
13 50 May li 
21 30 May 11 4 
15 50 May22 18 
2 00 May 14 15 

16 50 Mav 13 14 

derstorms generally turns cooler and the preci itation 

assumes #ood gm yrtions. The thundeistom season is 
from the last a1 of April to the middle of October, 
and the months of greatest frequency July and August. 
The average number per season IS 70. 

which beoins 8s rain turns to snow, the run-o ii never 

N . Z E  ..._._._. 
N.26E ..____._. 
N . B E  ..._.___. 
N.53 IC .....__.. 
N . W E  _..._____ 
N . 7 0 E  _..__._.. 
S. 84E _._._...._ 
5 .74E ___._._... 
S . W E  .._____.._ 
S.54E _._._____. 
8 . 5 0 ~  ..________ 

4 . 0 0  n 

3.60 2 

3.20 

3 . 0 0  2 

3.40 '; 

3.03 i 
t.80 7 

* 2 . w  : 5 
g2.40 % 2 

E z 2 . 0 0  2 0 . 0  

5 1.80 18.0 a 

2.20  

h 

2 1.64 16.0 - e 
1.40 14 . O  . 
1 . a  x2 .0  

1.00 10.0 
.80 8.0 
.60 6 . 0  .JO 
.40 4 . 0  2 0  

.20 2 . 0  .IO 

.oo 0.0 .OO 

I. 0 

-x 

Jan. Fcb. Uar. Apr. Way J U N  J u l y  l u g .  SePt. Oct. Nm. Dee. 

FIG. 13. Intensity of precipilotinn. 

J'~~nti~fa//.--Whilc the snowfall forms a little less than 
50 per cent of t.he total precipit,ation, it .yields consider- 
ably more than 50 per cent of the run-off. The total 
precipitation in the mont.hs November t.o March, inclu- 
sive, is in the form of snow, and the precipitation of 
.4pril is also 91 per cent snow. While a trace of snow 
may even fall in the summer months, trhe real transition 
monbhs me June with 6 per cent of snow and October 
with 35 per cent. The snowfall of September is apt t.o 
be li ht, wholly disappearing before the cold-season 
snowfRll sets in. The average depth of snow per season 
is 113.3 inches, with an equivalent water content of 9.94 
inches. The range in depth from year to ear is from 
149.7 inches in 1916-17 to 50.7 inches in t i e  followin% 
year. March, on the average of 9 y e p ,  is the mont 
of maximum snowfall, 18.5 inches, mth January, 17.9 
inches, a close second; when, however, t.he months are 
corrected for unequal length, February ranks second 
with 17.98 inches and January third with 17.54 inches. 

TABLE 7. 

Watershed A. Average date of dimppear- Watershed B. Average date of disappear- 
ance of suo\v and details of snow scales. ance of snow and details of SIIOW wales. 

21 50 May19 
16 20 Bhy 20 
11 50 May23 
2 00 May 19 

!E 10 May 12 
9 10 May 12 

10 50 May 16 
32 40 A r  23 
25 30 d r : m  
21 40 A r  6 
28 50 &:lo 

No. 
of 

scale 
- 

4 
7 
1 

10 
17 
14 
15 
11 

8 
6 
9 

13 
5 

18 
12 
2 
3 
D 

S . M E  .._._...._ 
8 .40E .._..._.._ 
S . M E  ..___..._. 
6 . 3 2 3  _._.._.._. 
6.7OE _.________ 

Angle Average No. 
nireetion I of I dateof / /  of 
0' 'lope. slope. melting. wale. 

10 50 
?S 50 
24 50 
P 40 
34 20 

~ a y  13 I 
Mar. 26 
Mar. 7 
Mar. 16 

%y 2 
May 23 

z 
12 e 
7 

D 
~ ~~ 

Level. -. . . . . . . . . . . . . -. -. 
N.50E _._....._ 144 401 

Snoufa7J measzc.remen.ts.-The depth of snowfall and 
wat,er equivalent, determined by weighing, is observed 
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daily about 9 a. m., a t  stations C, -4-1, A-2, B-I, an 
R-2. It is determined at six-day int.ei"crals at t.he D 
station, and the amount for each dily is apport,ionecl 
from the measurements made on the two watersheds. 
Fin.ally, beginning on March 1, to nntici ,ate the melting 

snow over t,he two watersheds is obserred nt h e  snow 
scales or show stakes which were inst.alled at  vztrious 
places on b0t.h watersheds. There are 18 snow scales 
on A and 14 on B. Table 1s is 21 statenient of the 
details of the location of each scale, to which has been 
added, for convenience in the discussion, the wera e 
date of disap earance of snow at each wale. ' d e  

. arrangement o P the table is by slope ra.t,lier than con- 
secutively by the serial nuiribcr of the snow scale. 

season by a few weeks, the depth an cl density o€ the 

ANALYSIS OF STREAM FLOW. 

The qeneml behavior of the streams.-The most casunl 
observation of any of the stream-flow records obta.inec1 
during periods of rain or melting snow shows the follow- 
ing points: (1) tliat streani A rises more rapidly t.han 
stream B: (2) That t,he mnsiniuni flow of A is reached 
sooner t h m  that of B, and, therefore, during tlie early 
decline of A, st,rea,m B niap be considerably hiU1ie.r; and 
(3) that before the flood has fully spent its& A may 
again attain the higher level, with a secondary and more 
steady volume of water. 

These differences are all ex 
(1) Stream -4 receives 

first water falling directly 
rain, or nie1t.in.g along the stream bnnlis in tlie case of 
snow, because it has a greater length of stream cllannel. 
With either rain or melting snow this advantage may be 
continued for many days, because the slopes through 
which the water must' drain to reach the stream are both 
shorter and steeper than those on B. In  other words, 
while B has 200 acres within an average distance of 950 
feet of the stream, watershed A has an equal area within 
670 feet. Since the flow down these slopes is relntively 
much slower than the flow in an open channel, it is 
evident that this width of slope has much more influencc 
on the early flow than the len th of the stream. 

the longer slo es on R get int,o action, and not only are 

flood because the extreme head of the watershed, being 
relatively near the dam, and hardly more distant froin 
an o en channel than the side 910 es, delivers almost, 

more the sha e of a bowl, within a few days of the floo 

waters than A. Whether or not the crest flow on B is 
as great as on A will depend u on a number of fact.ors, 
whether, for example, hourly, C f  aily, or decade crests are 
referred to. A very rapid rue has the effect of miassin 

started, and of creating a higher shoreperiod crest. on A. 
On the other hand, the same rise will permit B to deliver 
a very large amount in the succeeding 10-day period and 
may cause B higher decade crest on 13. Very different 
effects may, of course, be produc.ed if the rapid melting 
of snow occurs after a period of slow melting which has 
disposed of much of the snow near stream A, since that 
mar stream B does not melt so early. 

(3) The higher flow of A late in the flood period 
(which may not be actua.lly much higher when area is 
considered) is plainly due to the greater length of the 
watershed, or, m other words, to the slower draining out 
of the flatter ground more distant from the dam. This 

(8)  After stream A has de B ivered its niasimum flow, 

they later in B elivering, but they may produce a higher 

2 simu P taneously with them. Thus If watershed, havin 

crest may de 1; iver a larger proportion of its total hood 

a large amount of water in stream A before B is we ii 

upper area, except during the heaviest melti eriod or 
in excessive rain, has no surface drains, e, an 3fl ence its 
water is lon in reaching the stream. &e upper section 
of watershec r5 A may practically be thought of as a sepa- 
rate mea, such as does not exist with respect to stream B. 
It hiis a stabilizing effect on stream A. 
On the other hand, although this is a separate consider- 

ation, this high area 011 watershed A probably contributes 
litt.le or nothing to the stream in the winter period, when 
B is actually himher, and considerably higher per unit of 
area, than A. ?'lis high, relatively flat round has the 
appearancc? of becoming very dry in the P all; when once 
covered with a blanket of snow, since it has no southerly 
esposures, there is practically no melting for months, 
and, therefore, dthough t,lio ground is not frozen to any 
great depth, there is no water contributed from it,. 

The stream involr-ed in this experiment are perennial, 
ancl after observino that there is melting of snow on 
south slopes throu&out the winter, it is not difficult to 
calculate tliat the flow for any ten days, or in fact for 
any day or hour, is macle up (1) of any current preripita- 
tioii or melting which may rcach the streams directly, 
ancl ( 2 )  of a slowcr inovenient of water from the soil. 
This movemt?nt from the soil will vary with each addition 
to t.he soil moisture. Its total contribution to the 
stream €or any pcriod will depend not only upon the 
urerago amount of moisture in the soil, but u on the 
tlist,ance of thnt. moisture from the strewn. 'I%us the 
relat,ive tiinouiitm of moisture at  any two points not 
similarly sit~uatrd with rrspcct to the stream not only 
will vary with additions of preci itation, but will depend 

Each of these variable factors is different for the two 
watersheds. Any at,tenipt to figure the source of the 
water, even when we lino\v its volume in the streams, 
therefore, becomes simply appallin when one considers 
all of t he  factors involved; and wien k it  is remembered 
that the most im ortant of these factors, thc accurate 
measurement of t E e rrtinfdl or the water contributed 
from melting snow, is difficult of accomplishment the 
,reparation of a formula which will espress streamflow 
looms up ns an impossibility. 

upon the time sincc tlie lnst ncl C F  ition of moisture. 

Ro. 14. Diurnal variation in strenmnow. 

Diurnal variation i n  skea tn$ow.-The diurnal variation 
in the flow of the two streams has been computed for the 
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- 
1912 ............................... 
le13 ............................... 
1914 ............................... 
1015 ............................... 
1016 ............................... 
1917 ............................... 
1918 ............................... 

eight years, July, 1911, to June, 1919, and the results have 
been plotted in figure 14. These curves are both in- 
structive and illuminating-illuminating in that they 
show more clearly than would otherwise be ossible the 

as modified by the physical characteristics of the two 
watersheds. The several monthly variations have bern 
combined in a seasonal mean, each of which is based on 
ap roximatel 20,000 observations. 

ary) is one of very small amplitude, but a weak response 
to the warm hours of the afternoon can be seen more pro- 
nounced on B than on A and the mLsimum seems to occur 
at  2 p. m. while on A it is deferred until 5 

The curve for spring (March, April, and lay) is n coni- 
posite made up of March and April, both of which show 
a weaker response to the increased insolatioii than May, 
the flood month. The dominant feature of the s ring or 

floods are comprised within it, is the very wide variation 
of A as compared with B and the fact that the crest of 
the maximum daily dischar e of the afternoon is reached 

maxmum daily discharge on B is not sharply defined and 
is reached at 6 p. m. instead of 3 p. m. Doubtless this is 
due to a greater time being required for concentration of 
runoff on B than on A, as elsewhere stated. 

response of the streams to the meteorologica P conditions 

‘he curve s or winter (December, January, and Febru- 

K’ m- 

flood curve, since all of the floods escept the Octo \ er rain 

at  3 p. m. and is sharply de a necl, whereas, t,he crest of the 

DIYPOSITION OF PRECIPITATION. 

Attem t has been made to dispose of the precipitation 
measure B on the A watershed in accordance wit.h tlit! 
previous analysis. 

TABLE &--Disposition of precipilalion, watershcd A. Precipitation 
and mwo$ observed; inkmzptwn, trawp‘ration, and eraporation 

The results appear in Tablt? 8. 

computed. 

--I ... _ _ I  .......... i- 
Itiches. I-;;C?&?& I Inche. Inched. Inche.  

21.30 3.61 3.9:: 5 . w  

-2.64 5.629 4.28 4.74 i.W1 
19.97 5.354 2.59 3.04 S9S6 
2271 5.598 4.10 4.25 R734 
E..* 9.644 2.66 2.73 7 . W  
18.90 1 3.189 4.25 4.52 15.904 

x.63 1 4.773 3.84 4.14 5.572 

Yesr. 

Mean ....................... 1 2l.OOj f36rlj 
Percentage.. .......................... 

The data in the columns hcaded “Precipitation ” and 
“Run-off,” res ectively, were observed; those in the 
columns headez ‘ I  Interception” and Transpiration,” 
respective1 , were computed; and finally the column 
headed “&aporation” is the difference between the sum 
of columns 2, 3, and 4 and the fi ures of column 1. In  

run-off lus the interception plus the transpiration, the 

Inasmuch as run-off, interception, transpiration, and 
evaporation total 100 per cent and the precipitation is 
thus com letely disposed of, it is obvious that the com- 

l e  without serious error, that the quantity of water in 
the watershed was the same in the beginning of the year 
as at the end. As a matter of fact, this moun t  may 
vary somewhat from ear to year. It is never ver lar e, 

osition of the precipitation is graphically presented in 
&we 15. 

other words, after diminishing t f? e precipitation by the 

remain c f  er is assumed to represent the loss by evaporation. 

uted v a f  ues are inexact unless it be assumed, as it may 

except as a result of ig eavy or continued rains. !&he 4 s -  

STREAM-FLOW PRECIEITATION RELATIONS FOR TEE TWO 
WATERSHEDS. 

The remainder of the report is devoted to an attempt 
to show the relation between precipitation and run-off 
as influenced by the man factors which enter into the 

set of diagrams accompanied by certain precepts which. 
are to control the interpretation of the stream-flow data 
in future studies. The object of this anallysis is, of 
course, to reach a conclusion as to the best method of 
determining the most probable run-off of stream B had 
denudation not taken place. The crux of the experi- 
ment lies in the accuracy with which that value is 
dctcrmined. 

Stream-flow relations have been analyzed for a number 
of periods, hut space does not permit reproducing. the 

anal es of but three of these eriods, 
(1) c r  the year, October to 8ctober 
(2) the spring flood, and (3) the end oi 
the flood period. The arguments, data, 
and diagrams for these three 

and are given ver atim from the full 

problem and to express t i ese relations graphically in a 

21.00 IN. 
ANNUAL PR€ClP. 

form the concludin part of this % 7.39 IN. 
EVAPORATION. r l  reDort.’ 

&elations ofthe stramsfor whole years.- 
The precipitation and run-off data for the 
eight years ending September 30,1919, 
are given in Table 9, together withcalcu- t-i m 1 ~ 5 p l f f . 4  TION. lations showing: the relation of total run- 

3.91 IN. 

off of each w&ershed to precipitation. 
On the mean amounts of precipita- 

tion for the two wnbrsheds for eight 
years are almost the same, but in indi- 
vidual years they show considerable 
variation. This raises the question as 
to whether one watershed may actually 
receive more precipitation than the 
other, or whether the differences noted 
are due solely or lar ely to peculiarities 
of gage-catch. No 2 oubt in some sum- 
mer rains, which in mountainous regions 
are often very local in character, one 
watershed may receive more precipita- 

tion than the other, and for the whole year 1912-13 it is 
evidenced by both the preci itation and streamflow 

more than watershed A. In  the case of winter snowfa4 
however, since the storms often last for many hours, there 
is ractically no opportunity for differences in the actual 

as great variations in catch as do the summer months. 
The conclusion is obvious that differences between the 
two areas in matters of precipitation are more apparent 
than real. 

In  view of these facts, it seems more desirable, as well 
as simpler, to base all comparisons of streamflow and 
recipitation on the preci itation of A watershed done. 

even better. The answer is that while discrepancies 
between the two have, in the past, pretty well evened 

eriod, still there is no assurance, now 
is denuded, that a catch can be ob- 

tained, with the greater exposure of gages to the wind, 
at all comparable to that obtained on A. 

The use of the single record can not be seriously 
objected to when it is considered that at the lower end 

3.62 IN 

RUNOFF. 

pr&pitaam. 
FIG. 15. Disposition of 

records that watershed B must 1: ave received appreciabl 

fa R of the two areas. Yet the winter months show fully 

ft might be argued that t f e average of the two would be 

uf t at  watershe$ 
over a lon 

1 A limited number ofcoples of the full -port can be obtained from the Superintgndent 
of Documents, Washington, D. C., st the nominal charge of 60 ma. 



Precipitation (inrhes 
over wateruherl~. 

Run-off (inrha* n w r  water- WCciPi- will be heightened. tatiai ap- i 
waring 31 

Nll-nil. 
shed 1. 

Ri.4 -- -- 
For the year. Diner- Differ- Ratin 

cnce -- enre 

R / l , n .  
RIPa. RATIO OF STR 

-__- Year __. A .  - I -- B-A.  - F o r , t  - B .  B-A .  1 ' I A  -- A .  B .  

1'511-12..--- 21.30 21.49 +O.l9 8.368 8.367 -0.001 1.009 0.3fU' 0.393 
1812-13 ..... 18.63 19.66 +1.W 4.778 S.213 + .435 1.091 .211 .ZW) 
1913-14 ..... 2aA4 21.81 - .80 5.638 5.551 - .WS .Wi .a5 .a45 
1914-15 ...-- 19.97 19.85 - .12 5.354 5.405 + .061 1.011 .ZW 271 
191616 _..- - 33.71 23.13 + .42 5. 5.553 - .W .OW .MI 
1916-17 .__.. 22.88 22.78 - .10 9.644 9.839 + .195 1.m .4!d .130 
1917-18 ..... 18.90 18.85 - .OS 3.1W 3.531 + .335 1.105 .169 .187 
1914-19 _.... 21.13 P.15 + .02 6.B1 5 . W  - .113 .981 .282 

MCaIlS-.. 21.02 21-09 -I- -07 6.081 6.178 4- .088 1.023 .a8&L .B16 

I-- 

--------- 
Sums. ... 169.16 105.75 + .59 4 S . M  49.427 + .781 8.186 2. ml 2.333 

I 

- 
0.6n7 
.?! .13# 
.743 
.7#; 
. 6 1  
.03G 
.IM 

........ .._... .. 



648 MONTHLI- WEATHER REVIEW. DECEMBER, 1921 

..................... 

...................... ..................... . 1914 Apr. 5 .lo9 
1815 .+iir. 12 in1 
1 w i  ...................... lfm. io .io8 
191; ................... ..: Mar. 29 .11Q 
191%.. ................... : Apr. 23 .la3 
I ! A ! I . .  .................. .! Apr. 4 .1Oi 

The relations may be summarized for reference in the 
future, as follows: 

RULE 1. Betweeii the cxtremes of 18 and 23 inches of precipitation, and 
of 8 and 10 inches o diseharge f r o m  Watershed d ,  it 18 recoqnized that the 

than 0.98, with a .meal& value of 1.02. The ral.io is slightly leas thun 1.00 
only when there i s  about a normal balance hetureen streanijow and precipi- 
tation, represented by 5 or 6 inches.for the fomier and '90 to 93 i d e s  for the 
latter, and increases. either .r!Jhen preripitation and nmn-of are low, or run- 
o is very great, due to large voluines i n j o o d .  T o  compute the most prob- 
a f IeJloiu of B, relntiae to A,  for coilditions cxisttng rior to denudation, 
or any ytnr beginning October 1 and ending Sep tendr  80, the total flow 
o A will be tnken as  the guiding condition. in accordance with dia ram d-4. !k the ratio indieated on dia rani A A , J o r  a given discharge of .din inches 
over watershed, will be addelan  ainount. expressed in similar temis. repre- 
renting the ratio of -4 run-o The sum 

pressed in inches over the watershed. (For exam& iJ d discharge is 
7 inches, and the annual preci itation 20 inches, the indieated ratio is 
0.641, and to th& muat be addt?d?sevei~-tu~cntieths or 0.850, which sivea the 
ratw BfA of.0.991.) The probable error in this method is less than 0.5 
per cent of t h e j m l  result. 

Relations of the streams in the springJlood.-As is shown 
by figure 13 which gives the average st,renni discharges 
by 14-day eriods for 1911 to 1917, the rise of the spring 

heaviest discharge is usually recorded in the second 
decade of Mny. There is a tendency, in spit,e of variable 
weather and different amounts of snow, for the cul- 
mination of influences to he reached about t.hat 
time. 

In  spite of the fact that successive Aoocls show similar 
characterist,ics, especially in the general shape of t,he 
A and B curves, it lins been found impossible bo establish 
any fixed relations bet,ween the rntes of discharge of the 
two streams at  inteimiedinto sta.ges in the flood. Wliilr, 
as has been st.nted, st.renni B 1a.g~ behind stream A during 
any rise, the flood RS B whole is inade up of so niany 
rises and recessions thn t this relakionsliip usually beconies 
very complicated before t.he crest on either stream is 

ratio of amnuul disc Jf arges. B / A ,  should never be grealer than 1.11 nor kss 

to A precipitation f o r  the year. 
will be the probable mlw of c discharge to d dischar e, when both are ex- 

flood usual r y begins in the 1a.tter part of March, and the 

.OIW 

,0115 

.113 .0116 

if j :;mi; 
.0111 .OB4 , 

rea6hed. - 
Beqiianinu of tho. Rood.-In Table 10 are Dresented the 

.011i 

.0115 

.0101, . 0110 

.on2 

data"bea&g ;poi tlie realtions of the t\to streams at, 
the beginning of the spring flood. The initia.1 dat,e of 
the flood is taken to be the first clay on wliich the dis- 
charge rate of stream A esceeds 0.100 c. f. s. Not, infre- 
quently, after a melting period which will produce such 
a discharge, there occurs colder weather in which the rate 
for stream A may again fall to 0.100 c. f. s. or less. As 
neither stream, during the period u to the final rise, is 

tionships during such eriods a.re not t.hose based on the 

nity to overtake stream A before the final and more rnpid 
rise begins. Consequently, it  is thou ht best t.0 con- 

stage, even though the volumes of water involve$ may 
be very sma.11 in comparison with the whole flood 
volumes. 

Table 10 indicates only the initial rises clue t.o snow 
melting being considered, t.hat there is only slight vmia- 
tion in the ratios B/A for tlie initial day, and that on the 
average the relation of the two streams is expressed by 
unit . On plot,ting the ratios, however, in relation to 
the i e i  ht  attained by stream A on this initial day, it is 

is probable that the relat.ionsliip is controlled by the 
rate of rise rather than the head attained by stream A, 
but we have been unable to find a key which exactly 
fits the situation. 

making any net gain, it. nrttiirdly P ollows that t.he rela- 

inherent lag of stream 5 . The latter may have opportu- 

sider this period of uncertain or slow me P ting as n se arate 

found t % at there is a fairly consistent relationship. It 

1.082 
.889 .m 
.958 . 97s 

TABLE lO.--Cmrditwns bepinning of p o d .  

Discharge on initial date. 

' i 1nehesO.W. Year. 

Nom- 
ber 
of 

days. 

s 

Amount 
cor- 

rected 1 
for 

number 
01 days. 

0.0212 

-__ 

i 
I 

).ear. ! 
Final datc. 

- . - _ . 
Apr. 2 ]!I12 ............ ?,far. 1; 

1918 ............ i Mar. 29 
1914 ............. :\pr. 5 
1915 ............. Apr. 12 
1916 ............ Mar. In 
l9Li ............ Mar. 29 
l Y l R  ............ i Apr. 23 
1919 ........... Alx. 4 -. I_-_ 

Averdges..! Mar. 30 
I - -. 

Total volume. 
_ _  

ihmount 
A 1 B Ratio. I 

.... - - . -- - - i j 
0 . 2 , ~ ~  o..m2 1.092 0 . ~ 2  ........................................... 

~ ...... .. - 

I 
ll I Ratlo. 

.................. I ........ I..: ..... I ......... 
Apr. I .OW I .074S 1 1s .OUS 
Apr. I .3i53 I .38iS 1 033 .224t3 
Apr. 8 I .lo21 .1155 i131 I .lo21 

........ ........ ......... I 

......I ......... 
4 . o m  

m91 :E ...... J"":oiij 
-- 
...... ! ......... 

I 

1 Rcdiicc ainoiint 0 . M  for earh day. inrliiding and following highest day of period. 

I t  is dso to be noted that in every listed eriod follow- 
ing the initial dates, when the streams fell f ack, the dis- 
charge of B escoeded that of -4 by an amount not varying 
ereably from 10 per cent. I t  is racticall certain that 
t,he relations during such a perioc P depend T argel on the 
opportunity given for stream B to overtake and exceed 
st,ren.m -4 'in delivery. The longer the period after A 
has reached tlie highest point, the eater should be the 
mtio B/A. But bhis ratio will ten f to be lowered, other 
things being equal, if stream A has reached a relatively 
high oint and discharges a relatively large volume 

is found, 
then, by plotting the ratios B/A for the w ole period 
against the volume discharge of A, with a minus correc- 
tion for each da elapsed from the highest day to the 
end of this perio of uncertain or sus ended melti . 

The relations at  the beginning of t e flood perio may 
be formulated as follows: 

RULE 2. The ratio oj B dischar e in inches mer watershed to the Similar 
discharge for A on the first day ofihe s@ng &e in which stream A s h m s  
a rate of irwre than 0.iOO e. f. 8. is o n  the a v T  1.00, but may vary in 
difermit years by plus or nwniis 15 per cent. o detmnhe the s u p p G  
t hna l  ratio after ahuda twn ,  refwenee will be vude  to the discharge of 
stream. A in c. f. s., and the mespond ing  value will be r e a d f r m  diagram 
B (&. 18). 

hum 2a. In the event that the discharge rate o stream A, aftu the 

ordinary relationship of the two stream in the early rke,  with A leading B, 
may be rmersed, so that on the average B will discharge about 10 pm wnt 
more for the whole of s d  a period. To determine tha SUppO&b?ud 
ratio BIA for  such a period, f rom the initial +zy to the day-next p r d i n g  the 
final rke  above 0.100 e. f .  8. (both data tneluded) in z& over wda- 
Skh, r d e r m  toill be mode to tlre discharge of stream A for  that portkm 

$khofljn ineks over watershed wig r e d d  0.008 iLroryc 
of the penod including a* follolui The va zu thus ob 
mined udll be re erred to dmgram BBTA. 19), fim whkh  the ratio BIA for 

E therea. F ter. The most consistent relationshi 

E T B 

initial date of the $004 s h u l d  again fa l l  to 02 be 2' ow 0.100 c. f. s., the 

'od beginning with the day o eatest discharge. 

the crest day. 

the u h l e  pr io  d may be obtained. 
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E d  of thejlood-The relations existing between the 
two streams at the end of the flood are important, not 
only in allocating the volume which has been discharged 
but also because this relation is reflected throughout the 
summer period. 

I ! ! ! ! ! J  1 
STREAMFW DIAGRAM 0 

RELATION OF 
TU€ RATIO ry* ON FIRST M Y  OF FLOOD 

To TUE 
DSCJMRGE OF STREAM A 

-72- 

FIO. 18. Strem&~~,  dlegram 8. 

"he end of the flood is taken to be the last day on 
which stream A has a discharge of 0.150 c. f. s. or more. 
Should such a discharge occur after a di below 0.150, 
it would be allocated to the summer periog. One excep- 
tion has been made in order to give some semblance of 
character to the very small flood of 1918. Here the crest 
day showed a rate of only 0.157 c. f. s. for A, the follow- . The last was 
ta 'T en as the closing day of the flood. 

day 0.148, and the third day 0.151. 

AUD AFTER HIGH- 

Fra. 10. Stremdow, disgram BB. 

In genera, the relation between the streams at the 
arbitrary date is seen to be controlled by the extent to 
which watershed B has had opportunity to exercise its 
ability to drain out the surcharge of water from snow 
melting more rapidly than watershed A. The extent to 

which this has occurred and the extent of depression of 
the ratio B/A would, naturally, depend very largely on the 
length of the dra.hing-out period. On trial, however, 
it is found better to e s  ress t.his period in volumes 

There are four coficeivable and rather distinct sets of 
conditions which produce the relation at the end of the 
flood : 

1. If the flood is exceptionally small, as in 1918, the 
end of the flood as determined by A dischar e rate may 

relation would be a low ratio B/A due to the lag of B 
durinu any considerable rise. 

2. ff  the end should occur while B is a t  or near its 
crest, the ratio might be higher than unit . 
to produce lower and lower ratios 'B/A at the end, by 
allowing B greater opportunity to drain out, providin 

produces a sharply conical flood crest on stream A. 
4. In the event of suspended melting at about the 

time when stream A has crested (as a result of daily and 
hourly temperature distribution as affecting snow melting 
on t-he two watersheds), there may be a secondary crest 
on A, a relatively large volume discharged after the 
primary crest, a much belated and high crest on B, and 
consequently a high rate B/A maintained to the end of 
the flood. Naturally, this is more likely to occur in 
years when there is a lar e volume of snow to be meled, 

paragraph there is still a possibility of an mcreasing 
ratio B/A with floods of large volume. 

and 

sidering the volume dischar ed by A as the measure of. 

position, we consider rather the roportionate discharge 
of A before and after its crest. !he greater the amount 
discha ed by A before its crest the eater will be the 

a considerable rise to make before it can subside to a 
subordinate position. Therefore a more logical relation 
is found between the streams in different years if the 
op ortunity for B's subsidence, as expressed by A 
vo ume after its crest, is com ared with the op ortunity 
for B's delay as espressed by t e volume of A be ore crest. 

In general B ho@ its highest osition a t  the end of 

iicd, being influenced neither by any great amount of 
belated melting nor by precipitation after the crest. 
This condition is expressed by approsimately a Unity 

discharged ra.ther than in a ays. 

occur before stream B has crested, in whic E event the 

3. From this point on, greater flood vo 9 umes will tmd 

only that the melting of snow is fairly continuous, an d 

so that in estension of t i e reniarks under theprecedmg 

less conflicting in their actual effects if, instead o f con- 

the opportunity for B to %- a h  out and reach a low 

accumu 9 atedlag of stream B, so that t f. e latter may have 

The preceding conditions become less confusin 

R, P P 
the flood when the rise and fa31 o P A are about symmet- 

- - _  
A discharge after crest. 
A discharge before crest. 

The ratio B/A a t  end of flood then steadily decreases if 
reater opportunity is given for B to drain out, as shown 

%y a rektiveZy large A volume after crest. This decrease 
continues until the ratio of A volume after crest to that 
before crest is about 2:l. Beyond this point, as repre- 
sented by the years 1917 and 1913, with their flattened 
flood crests for stream A, the ratio B/A at end of flood 
must again rise. Such a flattened crest on A is certain 
to mean belated melting, which in effect eliminates the 
o portunity for B to overtake and drain out in advance 

In addition to the aboue-mentioned influences on the 
relative positions of the two streams at the end of the 
flood, the amount of precipitation occurring durin the 

o r A. 

period of decline of both streams must have its e I ect. 
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A 

- 
0.0491 
.M86 
.0502 .om 
.MQ2 
.Msn 
.04’19 
.0189 

Preci itation, especially toward the end of the flood 
perioi, tends to increase the ratio B/A. This is espe- 
cially noticeable in the gra h for the year 1913, when, 

nearly a month sooner, and with a ratio B/A of about 
1:1, in s ite of the heavy flow after *A crest. It is also 

the end of the flood. That falling earlier is, ap arentl , 
united with the water from mdting snow, an 1 9  merey 
increases the volume of flow after the crest. That falling 
late probably reaches the streams directly and has an 
independent effect. 

for this rain factor sug- 

into. The objection to an direct use of the precipita- 

according to continuity, dryness of the ground at the 
time, and other conhtions. It seems best, therefore, 
to estimate the possible effect of rain on the final ratio 
B/A, by notin its effect first on the flow of A. The last 

chosen as the enod in which the influence of rain is most 

has no influence, but whatever that influence is, i t  is 
likely .to be obscured by the later conditions. 

but for continuous rains, t R e flood would have ended 

noticeab P e in 1912, when there was considerable rain near 

geat themselves, and a number 5 ave been carefully gone 

tion record is that the in H uence of rain is so variable, 

one-third of t % e period of decline for stream A has been 

likely to be P elt. It is not suggested that earlier rain 

Various methods of correct: 

B I vt 
Inrhu. 

0.0143 0.m 
.o578 1.188 .m .808 
.wo2 ’ .a37 
.0417 .E50 
.03w .so4 
.03&1 .761 
.MSO .777 

. . _ _ _  __ __ 

........... 

STREAMFLOW DIAGRAM C 
RATIO ,$A AT EN0 OF F L W O  

PROPORTIONATE AMOUNTS OF I)ISCHLRGE 
BEFORE AND AFTER A CRESTS 

RLLLTION TO 

.no- 
Fro. 20. Streamflow, diagram C. 

Last 

I!% 
c.‘f.s. 

Pear. 
ormore. 

The rate of decline of stream A in this last-third period 
affords the best index of the effectiveness of rain. As a 
basis of comparison, the daily rate of decline for dis- 
cha es from 
ence 3 by rain has 
come, influenced 
vary a good deal 
curve, it is possible to 
c. f. s. by adding the 
closely what the rate 
20, or 25 days before 
if uninfluenced by rain. Thus, in the last 20 da s of a 

0.268 to a head of 0.150 c. f. s., or a change of 0.118 
c. f. 8. 

To such a figure as the last, varying accordin to the 
length of the period, may be compared the actuafdecline 
of any given ear. As example, the decline in 1912, for 
the lasti120 i a p  was 0.074 c. f. s., which, compared 
with a norma of 0.118 c. f. s., gives the ratio 0.626 
aa expressing the influence of precipitation on the dis- 

flood, the “normal”’dec1ine would be from a g ead of 

.- 

=e- Lt  Ratio CCU- 

e. I. s. period. tPls crease. by 7. urn. 

Num- d e  sctual Ratio ‘dy rected 
charge E:! crease t$pl plus6. vided 

rate 

DECEMBER, 1921 

1912 ............. 
1913.. ........... 
1914 ............. 
1915-: ........... 
1916 ............. 
1917 ............. 
1919 ............. 

charge of A. The smaller this decimal, or the greater 
the effectiveness of the recipitation, the higher the ratio 

has been found by trial that the influence of precipitation 
on stream B is about one-seventh more than its influ- 
ence on A, a t  this season. 

B/A at the end of the l ood may be expected to be. It 

July19 0.074 20 0.118 0.626 6.W 0.2466 Q 1 5  
June 28 .OM 
July 5 .OM 18 .OW .647 6.647 .BIBB .767 
July 4 .OR 15 .078 1.013 7.013 1.0019 .838 
June 22 .073 I4 .089 1.058 7.053 1 . W  .857 

2-41 .162 .OW1 6.099 .8713 1.035 

An& 2 .XOl ’251 .175 .W71 6.577 .goW .765 
JUIY 5 .m a0 . i i8 .m 6.m .wn .7u 

TABLE 11.  

Year. 

. -  

191’1.. ....... 
1Y 13.. ....... 
1914.. ....... 
1915.. ....... 
1916.. ....... 
1917 ......... 
1918.. ....... 
1019.. ....... 

Umditiom til errd of jlood and other rotulitiona relating 

July 19 
June 28 
July 5 
July 4 
June 22 
All& 2 
Yay 8 
July 5 

thereto. 

(3) j (4) i (a I (a) 1 (7) 
I - 

Discharges at end of flood. 

Last day, c. 1. s. 

I -- 

........... 1 1 ‘ 

Last 3 days, 0. W.1 

(8) 

Ratio A 
after 

crest to 
that on 

and 
befOre 
crest. 

k&W@ 

-- 

I. 633 
4.42420 
2.011 
1.227 
0.91s 
2.504 

2.061 
o. 1 5 ~  

I 

I I Conditions relative to rate of fall of A, lest third. 

1 To avoid possible marked dects of rain on the last day, use the sum for threedays, 
including m e  before and one after the final day. 

RULE 3.-To determine the sup sitional ratio BIA for the last day of 
the spring jlood, when stream A a d+harga ra& of 0.150 c. f. a. or 
alight1 more, Jrat eom & the volume chseluv ed by stream A u p  to and 
iwld the ereat day&d, and the vo lum a/& the weat day and includ- 
ing thc%t day, and apreaa the latter volume as a finetion of the formn 
BY rderecnec to -am c m. .eo), the a p j y z i w  ratio may then t i  
determined. The ra.tio indicated by the grap muat, however, be corrected 
according to the extent to which the decline of stream A, in the last third of 
ita declining period, has been in  m e e d  by pa5 ‘tation. Pzom the rate 
of diachmqe a ‘vm number o d! s before the d a u b t r a c t  the ratc on tlw 
last day: divizthia quuntit 6 k nomLal amount of declim for the given 
number of day8 as indicllteaby the table bebw: to the t h t  add 6 whole 
units, and divide the sum by Y. Thta ntit , uadz a 2ittk leas than 
unity, will be divided into the rat0 i s t e d  !y the graph, to obtain the 
t r w  ratio for the last day of thejlood. 

TABLE l 2 . - N m a l  rate of decline. 

[Days before end of flood.] 

Number Decline Number Decline Number Decline Number Declhie 
ofdays. (C. F.S.). ofdays. (C. F. SJ. ofdays. (C. F. S.). ofdays. (C.F.S.). I I/ I I1 I I1 I 
1 ....... 
2. ...... 
3. ...... 
4. ...... 
5. ...... 
6 ....... 
7. ...... 
Y ....... 

....... ...... 

...... ...... ...... 

...... ...... ...... 

...... 
I 23 ...... 
1 

u...... 0.162 

26. ................ 25.. .... 1 .I75 - 
1.1 ...... I........... 
2s.. ............... 
30 ...... I ........... 29 ......I ........... 

I 
’ I1 I 


